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We report scanning tunneling microscopy (STM) and spectroscopy (STS) of twisted graphene bilayer 
on SiC substrate. For twist angle ~ 4.5o the Dirac point ED is located about 0.40 eV below the Fermi level 
EF due to the electron doping at the graphene/SiC interface. We observed an unexpected result that the 
local Dirac point around a nanoscaled defect shifts towards the Fermi energy during the STS 
measurements (with a time scale about 100 seconds). This behavior was attributed to the decoupling 
between the twisted graphene and the substrate during the measurements, which lowers the carrier density 
of graphene simultaneously.  
  
 
 
 
 
Since the pioneering work of Novoselov et al. in 2004 1, 
graphene has ignited a tremendous outburst of scientific 
activities in the study of its electronic properties. 2-6 One of 
the most exciting prospect of this subject is that a 
generation of electronic devices and circuitry could be 
made out of graphene. Recent studies indicate that the 
properties of graphene can be tailored chemically7-10 
and/or structurally11-16 in many different ways due to its 
unusual structural and electronic flexibility. This opens 
doors for an all-graphene circuit in the future.  
Epitaxial graphene grown on SiC substrates is a simple 
and reliable way that offers large scale graphene samples 
in device fabrication.11,17,18 However, as-grown epitaxial 
graphene is intrinsically electron doped due to charge 
transfer from the SiC substrate. This lowers the Dirac 
point ED away from the Fermi energy EF.19-23 Recently, 
many approaches have been introduced to remove or 
compensate the excess charge. Deposition of electron 
acceptors on top,24-28 hydrogen intercalation between 
graphene layers and the substrate, 29 and tunable back-gate 
electrodes30,31 are used to tune the carrier concentration of 
epitaxial graphene.  
Here, the topography and local electronic properties of 
epitaxial bilayer graphene on SiC were studied by 
scanning tunneling microscopy (STM) and scanning 
tunneling spectroscopy (STS). For twist angle ~ 4.5o the 
Dirac point ED is located about 0.40 eV below the Fermi 
level EF, which resembles that of single-layer graphene on 
SiC. The single layer behavior of the twisted graphene 
indicates electronic decoupling of the surface layer and the 
sub-layer. A nanoscaled hole of the epitaxial graphene is 
observed to lower the local Dirac point from 0.40 eV to 
0.58 eV below EF. Interestingly, our experiment reveals 
that the local Dirac point around the defect shifts towards 
the Fermi energy during the STS measurements, which 
corresponds to slow dynamics of the carrier density with a 
time scale ~ 100 seconds. This behavior was attributed to 
the decoupling between the twisted graphene and the SiC 
substrate during the STS measurements. By removing the 
STM tip (also with a time scale ~ 100 seconds), the local 
Dirac point around the defect returns back to -0.58 eV 
possibly due to the structure relaxation of the graphene 
bilayer. The result presented in this paper reveals a method 
to control the local electronic properties of graphene. 
Epitaxial graphene was grown in ultrahigh vacuum 
(from about 5.0× 10-9  to 1.0×10-10 Torr) by thermal Si 
sublimation on hydrogen etched 6H-SiC(000-1).17,18,32,33 
The SiC was heated one hour at about 700° for degassing. 
The epitaxial graphene was prepared by subsequently 
annealing the sample at a higher temperature (about 1350°) 
for 10 min. The thickness of the epitaxial graphene can be 
controlled by the annealing temperature and time followed 
by slow cooling to room-temperature. Under these 
conditions, epitaxial graphene with thickneses ranging 
from one to double layers was obtained. The STM system 
was an ultrahigh vacuum four-probe SPM from 
UNISOKU. All STM and STS measurements were 
performed at liquid-nitrogen temperature (78 K) and the 
images were taken in a constant-current scanning mode. 
The STM tips used were obtained by chemical corrosion 
of a tungsten wire. The tunneling conductance, i.e., the 
dI/dV-V curve, was carried out with a standard lock-in 
technique using a 987 Hz a.c. modulation of the bias 
voltage. 
    Figure 1(a) shows a STM image of a typical twisted 
area of the epitaxial graphene. Periodic protuberance is 
attributed to the Moire patterns arising from a lattice 
mismatch (the twist) between the top graphene layer and 
the underlying layer. Atomically resolved STM topograph 
of the graphene within the red square is shown in Fig. 1(b). 
Hexagonal lattices with a periodicity of a = 0.246 nm can 
be clearly observed. The perfect periodic lattice indicates 
that the graphene surface is clean and there is no atomic 
scale defects. The period D of the Moire pattern is about 
3.1 nm. The inset of Fig. 1(b) shows the corresponding 
Fourier transforms. It reveals two sets of peaks arranged in 
concentric hexagons. The out spots show the graphene 
reciprocal lattice and the inner hexagon corresponds to the 
Moire pattern reciprocal lattice. The relative rotation angle 
in k-space between the two hexagons is measured as ϕ ~ 
27.7°. Then the twist angle θ in the real space can be
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FIG. 1. (Color online) (a) STM image of typical epitaxial graphene on SiC (Vsample = -268 mV and I = 0.3 nA). (b) The zoom-in 
topography of the red square in panel (a) shows atomically resolved STM image of the bilayer graphene (Vsample = 173 mV and I = 0.2 
nA). The inset is Fourier transform of the main panel showing the contributions from the atomic lattice (out hexagon) and from the Moire 
pattern (inner hexagon). The relative rotation angle in k-space between the two hexagons is measured as ϕ ~ 27.7°. (c) Schematic 
structural model of two misoriented honeycomb lattices with a twist angle of 4.5°. The structure appears more open in this top view when 
atoms from the two layers are nearly on top of each other. (d) Four typical dI/dV-V curves obtained on the surface of the epitaxial bilyer 
graphene. The dI/dV-V curves are measured in the same position one by one. The arrows point to a local minimum ~ -0.40V in the 
tunneling conductance, representing the Dirac point of graphene.
estimated by θ = (60°-2ϕ) ~ 4.6°. The value of the twist 
angle θ is also related to the period of the Moire pattern by 
D = a/(2sin(θ/2)). For D ~ 3.1 nm, the twist angle is 
estimated as 4.5°. Obviously, the above two estimations 
are consistent. Fig. 1(c) shows the structural model of the 
Moire pattern. The two misoriented honeycomb lattices 
are overlaid at an angle of about 4.5°. There is a periodic 
pattern of points in space at which atoms from the two 
layers are nearly on top of each other (the structure 
appears more open in the top view), which is the origin of 
periodic protuberance in the STM image, as shown in Fig. 
1(a).    
Figure 1(d) shows four typical dI/dV-V curves on the 
surface of the epitaxial bilayer graphene. The dI/dV-V 
curves are completely reproducible. The tunnelling 
spectrum gives direct access to the local density of states 
(LDOS) of the surface at the position of the STM tip. A 
local minimum at about -0.40 V of the tunneling 
conductance can be attributed to the Dirac point of the 
graphene.30,31 The n-type behavior of graphene arises from 
the charge transfer from the SiC substrate. Our experiment 
indicates that the Dirac point of the twisted graphene is 
very stable during the measurements. The result ED = 
-0.40 eV is consistent with the well-established result that 
the Fermi level is located about 0.42 eV above the Dirac 
point for as-grown monolayer graphene on SiC.27 
Meanwhile, the STS spectra obtained in our experiments 
consist quite well with that of epitaxial grapnene on SiC 
substrate reported in literature.21-23 The single layer 
behavior of the bilayer graphene is due to the relative 
rotation between the two layers.34,35 Very recently, Luican 
et al. demonstrated that the excitation spectrum of twisted 
graphene with θ > 3° can still be described by massless 
Dirac fermions as that of monolayer graphene but with a 
renormalized Fermi velocity.34,35 The 
charge-carrier-concentration n of the twist graphene is 
estimated as about 2×1013 cm-2 according to 
n = (EF-ED)2 /(πћ2vf2).            (1) 
Here vf ~ 7.1×105 m/s is the renormalized Fermi velocity 
of bilayer graphene with a twist angle of about 4.5°34 and 
ћ the reduced Planck constant.  
Figure 2(a) shows a STM topography of the epitaxial 
graphene with a nanoscaled defect. The profile line of the 
nanoscaled hole shows that its height is about 1.5 nm. This 
is much larger than the thickness of bilayer graphene, 
which may be attributed to the surface defect of SiC 
substrate. High-resolution STM image (Fig. 2(b)) of the 
area around the nanoscaled hole indicates that first layer is 
rotated by about 4.4° relative to the second layers. Recent 
studies demonstrated that defects of graphene play an vital 
role in determining the electronic properties of 
graphene.36,37 Our experimental results indicate that the 
local charge-carrier-concentration is enhanced near the 
nanoscaled hole. The local Dirac point is found to lower 
from 0.40 eV to 0.58 eV below EF. This result also 
confirms that the defects of graphene as well as the 
roughness of the substrate31 can induce carrier density 
imhomogeneous of epitaxial graphene. In order to further 
explore the influence of the nanoscaled hole on the 
electronic properties of graphene, we carried out 
controlled experiment of tunneling conductance near the 
hole. Fig. 2(c) shows typical four dI/dV-V curves aquired 
in a position around the hole. The dI/dV-V curves from I to  
 
FIG. 2. (Color online) (a) STM topography of epitaxial graphene 
with a nanoscaled defect (Vsample = 0.25 V and I = 0.16 nA). (b) The 
enlarged view of the red square in panel (a) shows the Moire pattern 
with a twist angle of 4.4°. The inset is Fourier transform of the main 
panel. (c) Four typical dI/dV-V curves obtained near the nanoscaled 
hole of the bilayer graphene. The dI/dV-V curves from I to IV are 
measured in the same position one by one. The local Dirac point of 
the graphene is shifted from -0.58 V (I) to -0.25 V (IV) by the STM 
tip during the measurements. 
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FIG. 3. (Color online) (a) Energy position of the Dirac point during 
the measurements shown in Fig. 2(c). The right Y-axis shows the 
carrier concentration calculated according to Eq. (1). (b) Bands of 
the bilayer graphene near the Fermi level calculated within a 
tight-binding model. During the measurements, the local Dirac point 
shifts from -0.58eV to -0.25eV from panel I to IV due to the 
variation of carrier density. 
IV are measured one by one. Surprisingly, the local Dirac 
point (pointed out by the arrows) shifts toward the Fermi 
energy. After four STS measurements and by removing 
the STM tip away from the hole defect, we observed that 
the local Dirac point returns back to the original position 
(-0.58 eV) when we carried out a STS measurement 
subsequently. Then the Dirac point could be shifted 
toward the Fermi level once again during the next STS 
measurements. To confirm the experimental result, we 
carried out several tens of dI/dV-V measurements and the 
obtained phenomenon was completly reproducible around 
the hole defect. This eliminates any local defects induced 
during the STS measurements as the possible origin. To 
further confirm this assertion, we carried out STM 
measurements around the hole defect after the STS 
measurement and no obvious difference is observed. Our 
experimental results indicate that the local 
charge-carrier-concentration is altered during the STS 
measurements and recover to initial state with a time scale 
~ 100 seconds.  
Fig. 3(a) summarizes the energy position of the Dirac 
point shown in Fig. 2(c). The corresponding carrer 
concentration calculated by Eq. (1) is shown in the left 
Y-axis of Fig. 3(a). The local carrier density around the 
hole is lowered about five times during the measurements. 
The low-lying electronic tight-binding bands of bilayer 
graphene can be well described by the following energy 
dispersion relation11,38 
2 2 2
2 2 21 3( ) ( ) ( 1)
2 4 2
U vk v k αα
γε = + + + + − Γ .       (2) 
                                                                                          
Here the band index α = 1,2, 
2 2 2 2 2 3 2 2 2 2 3
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4
v k v k U v k v v kγ γ γ φΓ = − + + + + , 
k is the momentum, φ the azimuthal angle, U the 
difference in the onsite Coulomb potentions of the two 
layers, γ1 and γ3 the out-of-plane nearest-neighbor and 
next-nearest-neighbor interaction parameters, and 
3
3
3
2
av γ= = . Fig. 3(b) shows the calculated tight-binding 
bands with taking into account the corresponding local 
charge-carrier-concentration.39 In our calculation, the 
renormalized Fermi velocity v of the twisted graphene is 
also taking into account.34 For twist angle ~ 4.5o, v ~ 
0.71vF ~ 7.1×105 m/s. Here vF ~ 1×106 m/s is the Fermi 
velocity of single layer graphene. Obviously, the local 
electronic properties of the graphene around the 
nanoscaled hole are altered during the measurements. 
  What is then the origin of the variation of the local 
charge-carrier-concentration? The relaxation times of 
electrons in graphene is usually about dozens of 
femtosecond.40,41 In our experiments, it takes about 2 
minutes to measure the four dI/dV-V curves, which is 
several orders larger than the relaxation times of electrons 
in graphene. This eliminates the relaxation of electrons in 
graphene as the origin of the observed phenomenon. As 
should be noted, the shift of the Dirac point is 
reproducible and can only be observed around the 
nanoscaled hole. Therefore, we can conclude that the hole 
defect is vital for the observed behavior. For epitaxial 
graphene grown on SiC, the first carbon layer (interface or 
buffer-layer) is covalently bonded to the SiC 
substrate.29,42,43 The manipulation of the buffer-layer, such 
as hydrogen intercalation,29 boron and phosphorus 
intercalation42 that break the covalent bonds, can be used 
to control the charge carriers density of th graphene 
effectively. Carbon atoms of graphene without covalent 
bonding to the SiC substrate were also observed in the 
lattice mismathed regions.43 In these regions, carbon 
atoms couple the underlying SiC substrate only through 
weak van der Waals bonding. In our experiment, carbon 
atoms in the buffer-layer around the hole defect may 
possible form weak van der Waals bonding to the 
underlying SiC substrate. During the STS measurements 
performed around the hole, the STM tip acts as a top gate 
electrode that provides an electric field between the tip 
and sample. As a consequence, the coupling strength 
between the buffer-layer and the SiC substrate may be 
easily changed by the electrostatic force between the tip 
and sample. Then the decrease of local carrier density may 
arise from weakening of the coupling strength. When we 
removed the STS tip, the coupling strength is recovered 
possibly due to the structure relaxation of the graphene 
bilayer. This is confirmed by remeasuring the Dirac point 
around the hole, which is lowered back to -0.58 eV.  
In conclusion, the topography and local electronic 
properties of epitaxial bilayer graphene on SiC were 
studied by STM and STS. Our experiment demonstrates 
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that the twisted graphene with twist angle ~ 4.5o resembles 
that of single-layer graphene on SiC. A nanoscaled hole of 
the epitaxial graphene is observed to lower the local Dirac 
point from 0.40 eV to 0.58 eV below EF, which indicates 
that defects can induce carrier density inhomogeneous of 
graphene. Remarkably, our experiment reveals that the 
local Dirac point around the defect shifts towards the 
Fermi energy during the STS measurement. It was 
attributed to the decoupling between the twisted graphene 
and the SiC substrate. This result reveals a method to 
control the local electronic properties of graphene. 
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